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Abstract 
 
Simple simulations of solidification of metals and alloys generally provide results for determining the temperature distribution in a given 
time or solidification time for the specific locations of the casting. These data allow to unambiguously determine the position of thermal 
centers. However, knowledge about the location of  thermal centers is not synonymous with the information about the location of any 
shrinkage defects in the casting, because the physical behaviour of molten metal should be still considered. This paper presents authors’ 
own method of predicting the formation of shrinkage defects in the castings, basing on solidification simulation results, taking into account 
the basic rules  of behaviour of the molten metal. The effectiveness of the method has been tested on the basis of example simulations 
performed for the flat shape of the casting inlet systems. The advantage of the method is that it requires little additional computational 
effort. The article is summarized by conclusions reached on the basis of simulations, as well as the program for further work containing 
possible improvements of the algorithm. 
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1. Introduction 
 
An important task of application of information technology to 
the foundry industry is to determine how much likely it is the 
occurrence  of  casting defects. Although common simulations of 
the solidification of metals and alloys generally provide results for 
determining  the  temperature  distribution  in  a  given  time  or 
solidification time for given locations in castings and these results 
allow to clearly identify the locations of thermal centers, location 
of thermal centers is not equivalent to knowledge about location 
of shrinkage cavities, because it is necessary to take into account 
behaviour of liquid metal. This issue was and still is the subject of 
interest  [1,2].  This  paper  presents  authors  own  method  of 
predicting  the  formation  of  shrinkage  cavities  in  the  castings, 
basing both on solidification simulation results and on basic rules 
governing  the behaviour of molten metal. 
In our paper, like in technical literature of foundry industry, 
shrinkage is defined as the change in size of the casting due to the  
temperature drops. 
There are three types of shrinkages [3]:  
  liquid shrinkage 
  solidification shrinkage 
  solid shrinkage 
In  general,  all  three types of shrinkages are responsible for 
casting defects such as formation of shrinkage cavities, cracks or 
warping the castings. 
In  the  present  study  it  is  considered  only  solidification 
shrinkage that occurs when molten metal solidifies. This type of 
shrinkage also causes the greatest change in the casting size.  A RCHIV ES   o f  F O UNDRY  ENG INEERI NG   V o l u me  1 1 ,  Is s u e  4 / 2 0 1 1 ,  3 5 - 40  36 
Shrinkage  cavities  form  in  solidifying  casting  because  of 
differences in the density of liquid and solid phases. In a typical 
case,  the  solid phase in the casting appears from the places of 
contact  with  the  mould  and  grows  toward  the  interior  of  the 
casting. In general, the shrinkage cavity will appear in the casting 
area  that  solidifies  last.  Depending  on  whether  the  cavity  is 
located inside the casting or on its surface, it is called respectively 
closed or open shrinkage cavity. 
To  prevent  forming  the  shrinkage  cavities  it  is required to 
design casting riser and gating system in an appropriate manner. 
There are required the following conditions [4]: 
  there must be a source of molten metal (riser), which 
solidifies after the element that is fed 
  there should be such amount of liquid metal in the  riser 
to feed the shrinkage  
  the feeding channels must be unobstructed  
  movement of the molten metal is forced by pressure, 
and therefore only the parts located below can be fed. 
The proposed algorithm has the objective to take into account all 
the above conditions. 
 
 
2. Description of used method 
 
2.1. The heat transfer problem 
 
Presented  algorithm  is  based  on  the  results  of  previous 
calculations of solidification model. The required results are time 
depended  temperature  change  and  solid  phase  fraction 
distribution. Numerical simulations of solidification are based on 
heat transfer equation with heat source term [5]: 
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where λ is heat conductivity, T is temperature, c is specific heat, 
ρ is density, t is time and q is heat source term, which in the case 
of solidification is related to the phase change phenomena.. 
Solution  of  the  heat transfer equation with source term (1) 
uses finite element method to discretization of result space with 
respect to spatial coordinates. Before applying FEM the equation 
(1)  must  be  transformed  according  to  apparent  heat  capacity 
formulation [6]: 
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where  c*  is  the  effective  heat  capacity,  which  can  be  obtained 
with  the  use  of  specific  approximation  formulas  (in used solver 
Morgan's approximation formula was used). 
Result  of  equation  (2)  is  obtained  numerically  with  use  of 
finite element method [7]. After spatial discretization of equation 
(2) it can be obtained: 
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where  M  is  mass  matrix,  K  is  conductivity  matrix,  T  is 
temperature  vector,  and  b  denotes  vector of right-hand side of 
equation,  which  elements  are  calculated  from  boundary 
conditions. 
Elements  of  these  matrices  and  vector  of  right  side of the 
equation  are  calculated  from  formulas  (given  for  an  individual 
finite element) : 
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where N is a vector of shape function of finite element in space 
Ω, NΓ denotes a vector of shape function of boundary Γ, and q 
denotes flux node vector. 
In presented paper time discretization was done with the use 
of two-step time discretization scheme, represented by Dupont II 
scheme. 
The amount of solid phase which grown in solidifying casting 
was calculated according to intermediate model. The intermediate 
model  assumes  full  solute  diffusion  in  liquid  phase  and  finite 
solute diffusion in solid phase. Feature of the intermediate solid 
phase  growth  model  is  variable  temperature  of  the  end  of 
solidification,  which has values range from eutectic temperature 
to solidus temperature. The amount of solid phase in this model is 
calculated from formula [8]: 
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where k is partition coefficient, TL is liquidus temperature, TM is 
pure  metal  melting  temperature,  α  is  Brody-Flemmings 
coefficient. 
Full  mathematical  description  of  solidifying  phenomena 
requires  defining  boundary  conditions.  In  presented  work  two 
types of boundary conditions have been used.  
One  of  them  is  boundary  condition  of  third  type,  which 
expresses    exchanging heat with environment through boundary 
Γ: 
      T T q  :  
(6) 
 
where: α in this equation denotes heat transfer coefficient between 
the boundary with temperature T, and the environment which has 
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The other boundary condition used in this work is boundary 
condition  of fourth type, which describes heat transfer through 
boundary Γ between mould and casting. In the case when heat 
exchange  goes  through  additional  separating  layer  with  a 
thickness of δ, this condition is given by a formula: 
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where  λp  denotes  heat  transfer coefficient of separating layer, 
while upper indexes indicates, that a given quantity refers to the 
first  or  second  boundary,  for  example  in  case  of  T  this  is 
temperature of corresponding boundary and n is a vector normal 
to corresponding boundary. 
 
2.2.  Algorithm  for  denoting  the  position  of 
shrinkage cavity 
 
The  presented  algorithm  allows  the  reader  to  track  the 
quantity of liquid metal in the vicinity of solidifying element. Due 
to differences in density of the solid phase and liquid phase it can 
be observed the  phenomenon of reducing the volume of solidified 
casting. The issue of determining the value of density for different 
phases, depending on temperature, is also the subject of current 
research, eg, [9]. The degree of change in volume depends on the 
type of the casting material and ranges from about 2.5% of the 
volume loss of material (for certain types of steel) to 6.6% for 
pure aluminium. 
The presented algorithm requires to carry out a simulation of 
the  solidification  process  of  casting.  The  result  of  the  earlier 
simulations  should  be  solidification  time  distribution.  The 
presented algorithm used the results of calculations obtained by 
solving  the  heat  transfer  equation with the source term by the 
finite element method. 
The advantage of the algorithm is that in the case of the finite 
element  method  it  can  operate  on  an unmodified mesh. In our 
study, this means that the algorithm obtained the results for the 
casting area, divided into triangular elements. Each element must 
be  described  by  the    solidification  time  (counted  from  the 
beginning  of  the  simulation), area, the current amount of liquid 
metal and a list of neighbouring  elements. 
The general design principle of the algorithm is presented as 
algorithm 1. 
 
Algorithm 1. Algorithm for finding the position of shrinkage 
cavity 
Input: t[n] – a list of items sorted in relation to the solidification  
time 
Output: w[n] – degree of filling the elements 
1. For the i-th element of list t[n]: 
1.1.  Determine  the  liquid  loss  of  Vc  according  to  the 
formula (8) 
1.2. Subtract the amount of liquid in the element t from Vc 
1.3. Find all the elements that are connected to t (according to 
  Algorithm 2) and save them to the array p  
1.4.  Sort  the  array  p  due  to  the  center  of  gravity  of  the 
  elements (ascending)  
1.5. Remove from the array p the elements below the element   
1.6. For each element p, and if Vc > 0:  
  1.6.1. If the amount of liquid in the element p > Vc:  
    1.6.1.1.  Subtract  the  value  of  Vc  from  the 
      amount of liquid in the element p  
    1.6.1.2. w[i] = amount of liquid in the element 
      /field of element 
1.6.1.3. Set Vc = 0  
  1.6.2. Else: 
    1.6.2.1. Subtract the quantity of liquid in the 
      current element p from Vc  
    1.6.2.2. Set the amount of liquid in the  
      element p = 0  
    1.6.2.3. Set w[i] = 0  
2. Return w[n] 
 
Loss of liquid due to solidification is calculated basing on the 
following formula: 
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where: VC is the amount of liquid needed to supply the solidified 
element  of  given  area  (the  volume,  if  the area is considered in 
three  dimensions),  AE,  and  β  is  a  given  in  advance  value  of 
volumetric shrinkage. 
An  important  part  of  the  algorithm  is  to find all elements 
connected with the current element. This operation aims to find 
all  the  elements  from  which  the  liquid  can  flow, to offset the 
additional  loss caused by changes in density. Therefore, in this 
case only the items (elements) that have not  solidified yet can be 
taken into account. Method of determining the elements that could 
potentially  offset  the  loss  of  liquid  metal  is  presented  as  
algorithm 2 
 
Algorithm 2. Searching  for elements representing the 
neighbourhood of the current element 
Input: e - the current element  
           t[n] - a list of elements  
Output: p[m] - list of neighbouring elements  
1. Set an empty queue Q  
2. Add e to the end of the queue Q  
3. As long as Q is not empty:  
3.1 Initialize n the first element of queue 
3.2  If  the  element  n  is  not  empty  and is no longer in the 
neighbourhood, add it to the neighbourhood elements p  
3.3 Remove n from the queue Q  
3.4 For each element from the list of neighbours n:  
3.4.1. If the neighbour is not solidified:  
3.4.1.1. Add the neighbour to queue Q  
3.4.1.2. Add the neighbour to the list p 
4. Return p  
 
Algorithm 2 is very similar to one of  literature algorithms for 
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the most commonly used algorithms of this type have been used 
in the area of the raster graphics to fill an area with a solid colour. 
Algorithm 2 is inspired by an algorithm 'flood-fill' (or 'seed-fill'), 
which,  however, in literature is only used for the areas divided 
into rectangular elements. This is justified by the fact that image 
pixels have such a shape. 
Operation of the proposed algorithms for the casting shapes 
similar to the real life ones is presented in the next section. 
 
 
3. Description of numerical experiments 
and the results obtained 
 
3.1.  The  calculation  of  the  solidification 
process 
 
The  presented algorithm has been tested for two shapes of 
castings, presented in Figures 1 (Area 1) and 2 (area 2). 
As can be seen, although the test shape was the casting of an 
uncomplicated shape (rectangular), it includes gating system and 
a riser in the case of Figure 1. 
The calculations for obtaining temperature distributions, the 
share of the solid phase at different time steps were made of finite 
element  method.  For  the  execution  of  calculation  was  used 
NuscaS program, which is a work of the Institute of Computer and 
Information Sciences [11]. 
Areas of tasks in both cases were divided into finite elements 
of triangular shape. In the case of area No. 1 was used 6638 finite 
elements and 3741 nodes in the task, of which 4533 elements and 
2459 nodes occur in the casting. On the other hand, for the area 
No. 2 was used 7062 elements and 3933 nodes, of which there 
were 3284 elements and 1791 nodes in the casting. 
 
 
Fig. 1. Casting with riser (region 1) 
 
The  casting  material  was  aluminium  alloy  with addition of 
copper,  the  material  data  have  been  collected in Table 1. This 
alloy is characterized by a relatively broad range of solidification 
temperature. In Table 2 there are presented physical properties of 
casting  mould  material.  Initial  temperature  of the molten metal 
was equal to 960 K. The initial casting temperature was set to 590 
K. The simulations did not include pouring liquid metal into the 
mould.  As  the time 0 s (starting simulation) of simulation was 
adopted the moment when the mould was filled with liquid metal. 
Presented simulations did not take into account the motion of the 
liquid phase, which was the result of  convective forces. 
 
Table 1. 
Physical properties of cast material (Al2%Cu) 
Quantity  Unit 
symbol 
Value 
Thermal conductivity coefficient – solid phase  W/mK  262 
Thermal conductivity coefficient – liquid phase  W/mK  104 
Density– solid phase  kg/m
3  2824 
Density – liquid phase  kg/m
3  2498 
Specific heat – solid phase  J/kgK  1077 
Specific heat – liquid phase  J/kgK  1275 
Solidus temperature  K  853 
Liquidus temperature  K  926 
Eutectic temperature  K  821 
Melting temperature of pure metal  K  933 
Latent heat of solidification  J/kgK  390000 
Brody – Flemmings coefficient  m
2  3∙10
-9 
 
Table 2.  
Physical properties of casting mould material 
Quantity  Unit 
symbol 
Value 
Thermal conductivity coefficient  W/mK  40 
Density  kg/m
3  7500 
Specific heat  J/kgK  620 
 
In  the  modelling  of  solidification  of  metal  also  boundary 
conditions have a significant impact. The parameters of boundary 
conditions are summarized in Table 3. For both areas there have 
been adopted the same values of boundary conditions parameters. 
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On the upper and side surfaces of the mould there was assumed 
boundary condition of type III, assuming the heat exchange with 
the  environment  coefficient  equal  200  W/m
2K.  On  the  lower 
surface of the mould, due to difficulty of the heat exchange, the 
heat  exchange  coefficient  was  reduced  to  50  W/m
2K.  Ambient 
temperature used in this type of boundary condition was equal to 
300 K. 
 
Table 3.  
Properties of boundary conditions 
Quantity  Unit 
symbol 
Value 
Coefficient  of  heat exchange between the 
mould  (upper  and  side  surfaces)  and 
environment 
W/m
2K  200 
Coefficient of heat exchange between the 
mould (lower surface) and environment  
W/m
2K  50 
Coefficient of heat exchange between the 
casting and environment   
W/m
2K  50 
Ambient temperature  K  300 
Coefficient of heat exchange of the layer 
separating mould and casting  
W/m
2K  1500 
 
 
Heat exchange between open risers and environment was also 
modelled by the boundary condition of type III, for which the 
coefficient  of  heat  exchange  with  the  environment  was 
50 W/m
2K. In this case it has been assumed to powder the riser 
with a layer of insulation. 
The  heat  exchange  between  casting  and  mould  is  obtained 
from the boundary condition of type IV, which assumes the heat 
exchange through the insulation layer of conductivity coefficient 
of separating layer 1500 W/m
2K. 
Simulation covered a period of 125 s both for the area No. 1 
and No. 2.  This was sufficient time to solidification of the whole 
casting, because  maximum solidification time for the area No. 1 
was 112.3 s, while for the area No. 2 it was equal 72.0 s. 
As can be seen from Figure 3, for the area No. 1, the gating 
channel  and  corners solidificated as the first and the place that 
solidificated the last was the riser. 
In  the  case  of  area  No.  2  appears  to  be  less  variation  in 
maximum  and  minimum  values  of  the  solidification  time  (as 
shown in Figure 4). However, as the first solidified areas located 
in  the  corners  of  the  casting  cross-section,  and  after them the 
gating channel solidified. As in this case there was not the riser, 
the area solidificating last was already in the casting. In addition, 
because the solidificated at an early stage of the simulation gating 
channel prevents the flow of molten metal, in this case is expected 
to appear a shrinkage  cavity in the casting. 
 
3.2.  Simulation  of  the  occurrence  of 
shrinkage in the casting 
 
Simulation of the occurrence of casting material shrinkage is 
based on the results presented in Section 3.1. It was performed 
with  using  the  authors  own  program  realizing  the  algorithm 
presented in Section 2. 
The  algorithm  for  tracking  the  quantity  and  the  possible 
contraction of the liquid contained in the casting uses the concept 
of element, to name the small portion of the casting area. In this 
case,  considered  the  casting  dividing  into  smaller  fragments 
(elements) is equivalent to division of the casting area into finite 
elements. Therefore, the data for finite element mesh described in 
Section 3.1, is also valid here.  
 
 
 
 
 
The  only  important  additional  parameter,  which  had to be 
specified was the value of the shrinkage of the casting material. In 
both cases it was the same material –  aluminium alloy with an 
admixture  of  2%  copper  –  for  which  it  was  assumed  6.3% 
volume shrinkage. Other parameters, if they were used, were of 
the values taken from Table 1. 
Cross sectional area of casting No. 1 was equal to  0.004244 
m
2, while the casting No. 2 –  0.003046 m
2. Taking into account 
only  the  shrinking  of  the  material  caused  by  a  difference  of 
density of the liquid phase and solid phase (which was assumed to 
6.3%),  the  solidified  sectional  area  of  No.  1  should  be  of 
0.003992  m
2  area,  while  the  No. 2 sectional area should be of 
0.002864 m
2 area. 
The  results  of  the  algorithm  are  presented  in  the  form  of 
distributions  of  value  of  element  filling  at  the  end  of  the 
simulation. 
 
Fig. 4. Distribution of solidification time for region 2. Minimal 
solidification time is 23.4 s, and is marked with black. Maximal 
solidification time is 72.0 s, and is marked with light gray 
Fig. 3. Distribution of solidification time for region 1. Minimal 
solidification time is 16.6 s, and is marked with black. Maximal 
solidification time is 112.3 s, and is marked with light gray A RCHIV ES   o f  F O UNDRY  ENG INEERI NG   V o l u me  1 1 ,  Is s u e  4 / 2 0 1 1 ,  3 5 - 40  40 
 
 
Figure 5 contains the results for the area No. 1 For this test 
case  shortages  of  the  elements  filling  in  solidification  process 
appeared in the top of the riser and the pouring cup. The relevant 
part  of  the  casting  according  to  the  results  of  the  presented 
algorithm should be without defects associated with the formation 
of shrinkage cavities. 
 
 
Figure 6 shows the results for the area No. 2 In this case the 
shortages  of  molten  metal  appeared  in  the  pouring  cup  and 
additionally in the main part of the casting. This case illustrates 
the  ability  of  the presented algorithm to adequate treatment of  
solidificated  narrowings  that  hinder  to  supply  the areas which 
should solidify last. 
 
 
4. Summary 
 
The  article  discusses  the  problems  associated  with 
determining the location of shrinkage cavities. As can be seen, on 
the basis of the results, it is possible to perform simulations giving 
reliable results.  
The advantage of the method presented is its simplicity. First 
of  all,  it  is  possible  to perform simulations based on previous 
results  of  calculation  of  the temperature distribution. It is also 
interesting  that  the  presented  method  uses  relatively  simple 
mathematical tools to achieve its objectives.  
Simple  and quick is also preparing the simulation, the only 
additional parameter which the user must supply is the value of 
material  contraction.  This  value  is  the  material  property.  The 
algorithm  does  not  require  any  additional  actions  such  as: 
dividing the casting into areas, indicating feeding areas, etc. 
Further advantages that may be mentioned is the lack of any 
assumptions about the shape of the casting. Nevertheless, it can be 
seen that the shapes have been chosen as examples, are not the 
simplest  possible  shapes.  There  are  present  in  them the most 
important elements in the real castings, such as the riser or the 
pouring cup. 
Referring  to  the  presented  results  it  seems  reasonable 
conclusion  that  the  presented  algorithm  is  promising  and  its 
further development can be purposeful. As a further improvement, 
it would be interesting to adapt the algorithm to operate within  
three-dimensional areas.  
Another issue is to include in the simulation of solidification 
the changes in conditions of heat flow, caused by the formation of 
shrinkage  cavities.  At  the  present  moment,  both  types  of 
simulations are independent of each other and there is no linkage 
between them. 
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Fig. 5. Filling of mold of region 1 after stop of solidification. 
Black color marks shrinkage cavity 
 
Fig. 6. Filling of mold of region 2 after stop of solidification. 
Black color marks shrinkage cavity 